Background: Bacterial multidrug transporters AcrB and AcrD export ␤-lactam antibiotics. Results: Charged residues in the proximal binding pocket play a crucial role in ␤-lactam selectivity. Conclusion: Proximal pocket acts as a substrate selection filter at the site of entry into the substrate translocation pathway. Significance: Our understanding of molecular mechanisms of antibiotic recognition is essential for overcoming drug resistance.
␤-Lactams are mainstream antibiotics that are indicated for the prophylaxis and treatment of bacterial infections. The AcrA-AcrD-TolC multidrug efflux system confers much stronger resistance on Escherichia coli to clinically relevant anionic ␤-lactam antibiotics than the homologous AcrA-AcrB-TolC system. Using an extensive combination of chimeric analysis and site-directed mutagenesis, we searched for residues that determine the difference in ␤-lactam specificity between AcrB and AcrD. We identified three crucial residues at the "proximal" (or access) substrate binding pocket. The simultaneous replacement of these residues in AcrB by those in AcrD (Q569R, I626R, and E673G) transferred the ␤-lactam specificity of AcrD to AcrB. Our findings indicate for the first time that the difference in ␤-lactam specificity between AcrB and AcrD relates to interactions of the antibiotic with residues in the proximal binding pocket.
The emergence of multidrug resistance among microbial pathogens affects our ability to treat infectious diseases during chemotherapeutic treatments (1) . One important mechanism underlying multidrug resistance is based on active efflux of structurally unrelated drugs from the cell (2) . Among bacterial multidrug efflux systems, members of the resistance-nodulation-cell division (RND) 2 family of secondary-active transport-ers are expressed in Gram-negative bacteria (3) . AcrB is a constitutively expressed RND-type transporter in Escherichia coli that determines the intrinsic drug resistance of this organism to a wide range of anionic, cationic, zwitterionic, and neutral antibiotics and toxic compounds. AcrB acts in conjunction with a periplasmic membrane-fusion protein AcrA (3, 4) , and an outer membrane porin TolC to form the functional tripartite exporter (5) . The tripartite structure enables proton-motive force-dependent export of substrates directly from the cytoplasm and periplasm to the extracellular environment.
AcrD from E. coli is a functional and structural homolog of AcrB that also cooperates with AcrA (5) and TolC (6) . However, the AcrAD-TolC export system shows an interesting difference in substrate specificity compared with the AcrAB-TolC system. Although AcrAB-TolC exhibits the broadest substrate specificity among drug efflux systems in E. coli, this efflux pump confers no or weak resistance on cells against anionic ␤-lactams, such as aztreonam, carbenicillin, and sulbenicillin ( Fig. 1) (6) . On the other hand, the AcrAD-TolC system recognizes a more limited range of substrates compared with AcrAB-TolC, but confers high resistance to the anionic ␤-lactams, and no or weak resistance against typical AcrB substrates, such as novobiocin, erythromycin, acriflavin, crystal violet, ethidium bromide, rhodamine 6G, tetraphenylphosphonium, and benzalkonium (6, 7) . For ␤-lactam antibiotics, it is well known that this resistance is a multifactorial parameter that is dependent on relative drug toxicity and on the kinetics of three processes, active drug efflux, drug entry across the outer membrane, and binding of the antibiotic to its periplasmic target (8, 9) . Interestingly, when AcrB and AcrD are expressed separately in the same recipient AcrA and TolC-containing E. coli KAM3 strain, AcrAD-TolC-containing cells show enhanced resistance against specific anionic ␤-lactam antibiotics compared with AcrAB-TolC-containing cells (6) . This difference in ␤-lactam resistance is therefore most likely dictated by the non-identical AcrB and AcrD proteins (6) .
Elkins and Nikaido (10) exchanged the two large periplasmic loops of AcrB and AcrD in E. coli with each other and found that the substrate recognition site is located in these loops. Sim-ilar observations were also reported for the replacement of the two large loops of Pseudomonas aeruginosa homolog MexB and MexY (11) and AcrB and MexB (12) . The point mutations Q34K, E89K, A292V, P328L, F608S, and N673K, which affect the substrate specificity of the RND-type transporter MexD are also located in these periplasmic loops (13) . However, the mechanism by which residues in these regions influence drug recognition has not been fully elucidated.
In 2002, Murakami et al. determined the first crystal structure of AcrB (14) . The crystal structure showed that AcrB exists as a trimer and that each AcrB protomer is composed of three domains: the transmembrane domain, the porter domain (pore domain), and the TolC docking domain (14) . Each AcrB protomer has a vestibule open to the outer surface of the plasma membrane from where substrates can potentially be taken up from the periplasm or the outer leaflet of the plasma membrane. These substrates are then extruded to TolC via the top funnel (15) . In 2006 and 2007, a number of groups reported asymmetric structures of AcrB in which each protomer has a different conformation (16 -18) . The studies by Murakami et al. (16) also included structures of AcrB bound to its substrates, minocycline or doxorubicin. The structures indicate that drugs are exported by a three-step functionally rotating mechanism in which conformational changes in three substrate binding pockets affect accessibility and binding affinity for substrates. In one of the protomers (access protomer), a pocket opens in the periplasmic domain allowing substrate entry. In the second protomer (extrusion protomer), the pocket compresses thus ejecting pre-bound substrate through the top funnel, toward the TolC channel. In the third protomer (binding protomer), the substrate is bound in the pocket by Phe residues that play a role in substrate binding in a multisite binding fashion. Thus, the crystal structures showed the entire route through AcrB for transported substrates, from the vestibule via the substrate binding pocket to the top funnel (19) .
In 2011 and 2012, two groups discovered a second substratebinding site in AcrB in the access protomer (20, 21) , in addition to the earlier known substrate-binding site in the binding protomer (16) . This second binding site is located nearest to the cytoplasmic membrane, and is therefore referred to as the "proximal" or "access" binding site. The earlier identified substrate-binding site is now referred to as "distal" or "deep" binding site. Nakashima et al. (20) showed binding of rifampicin or erythromycin to the proximal site, whereas Eicher et al. (21) showed binding of minocycline or doxorubicin to this site at higher resolution. Both groups suggested that the transport of substrates is a stepwise process of initial substrate binding in the proximal site followed by substrate movement to the distal site during the functional rotation. Smaller substrates might be able to bind to the distal site directly. Together these two substrate-binding sites enable the broad substrate recognition by AcrAB-TolC.
As the Phe cluster in the distal binding pocket of AcrB is partially conserved in AcrD (Phe 178 , Phe 610 , and Phe 628 of AcrB correspond to Trp 178 , Phe 609 , and Phe 627 , respectively, in AcrD), the difference in substrate recognition between AcrB and AcrD cannot be adequately explained if only interactions between the substrate and aromatic residues are taken into account. We hypothesize that the proximal binding site and other regions in the predicted substrate translocation pathway between the vestibule and the distal substrate binding pocket might participate in substrate recognition. To investigate this hypothesis, we replaced the non-conserved regions in this pathway of crystallized AcrB with the corresponding regions of AcrD (Figs. [2] [3] [4] . In subsequent site-directed mutagenesis studies we succeeded in generating gain-of-function mutant AcrB proteins which, similar to AcrD but unlike wild-type AcrB, show relatively high resistance to anionic ␤-lactams. Thus, residues in these RND transporters were identified that are important for the resistance to anionic ␤-lactams.
EXPERIMENTAL PROCEDURES
Bacterial Strains and Plasmids-E. coli strains JM109 (22), CJ236 (23), and TG1 (24) were used for DNA manipulation, site-directed mutagenesis, and investigation of the phenotypes of the mutants, respectively. Strain KAM3 is an acrB gene-deletion derivative of E. coli TG1 (25) , and the acrD gene in KAM3 was deleted to construct KAM3⌬acrD (26) . The low copy vectors pTH18cr and pTH19cr (27) were kind gifts from the staff at the cloning vector collection at the National Institute of Genetics (Japan), and were used to express AcrAB and AcrD in KAM3⌬acrD, respectively. Plasmid pACBHLR, a derivative of pUC118 that carries the acrR, acrA, and His-tagged Cys-less acrB genes was described earlier (28) . Plasmids pTrcHacrD (7) (a derivative of pTrc99A that carries the His-tagged acrD gene) and pHSGacrD (6) (a derivative of pHSG399 that contains acrD gene) were prepared previously. For use as templates for sitedirected mutagenesis, the DNA fragment encoding the N-terminal half of cysteine-less AcrB was subcloned into pUC118 and named pACBRN (28) .
Construction of Plasmids Carrying acrRAB and acrD Genes-For correct sequence alignment of AcrB and AcrD, the acrB gene of pACBHLR encoding Cys-less AcrB was first changed to its native form by re-introducing native Cys residues. In addition, an ApaI site was introduced at the 3Ј end of the acrA gene of pACBHLR, to construct pACBHR2. Then, pTHacrAB-His was constructed by replacement of the Sse8387I-SacI fragment of pTH18cr with the Sse8387I-SacI fragment of pACBHR2 ( Fig. 5 ). For construction of an AcrDexpressing plasmid the HpaI-SalI fragment of pACBHR2 was replaced with the HpaI-SalI fragment of pTrcHacrD, yielding pACBDHR2. Subsequently, the HpaI-SacI fragment of pHSGacrD was replaced with the HpaI-SacI fragment of pACBDHR2 to construct pHSGacrD-His. The HindIII-SacI fragment of pTH19cr was then replaced with the HindIII-SacI fragment of pHSGacrD-His, giving pTHacrD-His ( Fig. 5 ).
Construction of AcrB/AcrD Chimeras and Mutant AcrB Proteins-To introduce AcrD fragments and residues into the C-terminal half of AcrB, pACBHRC was subcloned from pACBHR2. The replacement of several regions (81-96, 121-144, 291-326, and 822-858) of AcrB was performed by PCRbased mutagenesis (29) . In this method a megaprimer was generated in which the acrD gene was amplified with two conventionally designed oligonucleotide primers. Each individual primer was elongated at its 5Ј end, with additional nucleotides corresponding to the DNA sequence found upstream and downstream, respectively, from the replaced region within the acrB gene. Next, the amplified PCR fragment, i.e. megaprimer, was annealed to the methylated template plasmid and each Black and red residues indicate identical and different residues, respectively. Replaced regions are surrounded by red squares and named N␤1, N␤3, N␤4, N␤6, N␣8, C␤1, C␤2, C␤3, C␤4, LP, C␤5, and C␣8. Red arrows indicate residues that vary in charge between AcrB and AcrD. B, colored regions of AcrB were replaced by the corresponding regions of AcrD. Replaced regions in each chimera are indicated in residue numbers of AcrB. The numbers on the right side of bars indicate the number of substituted residues in the each chimera. Colored regions are superimposed on the AcrB crystal structure in Fig. 3 .
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strand was elongated. Plasmids pACBRN and pACBHRC provided templates in the replacement of the regions in the N-terminal half of AcrB (81-96, 121-144, and 291-326) and the C-terminal half of AcrB (822-858, respectively. After elongation, the newly created DNA carrying the acrD sequence was unmethylated. Upon DpnI digestion, the methylated template DNA was destroyed. Thus, upon transformation, only the mutated plasmid DNA was recovered from bacteria.
The replacement of the regions (37-48, 175-178, 569 -575, 613-617, 626 -630, 662-668, 672-673, and 676 -687) and the residues (569, 626, 630, 662, and 673) of AcrB were performed by the method of Kunkel et al. (23) or by the use of a QuikChange site-directed mutagenesis kit (Stratagene) with oligonucleotides encoding the regions and residues of AcrD. Mutations were first detected by restriction enzyme analysis, and then verified by DNA sequencing. After verification of the mutations, adequate restriction fragments of the subcloning vectors, pACBRN and pACBHRC, were introduced into the expression vector, pTHacrAB-His, by means of corresponding fragment exchange.
Expression of AcrB/AcrD Chimeras and AcrB Mutants-E. coli KAM3⌬acrD was used for expression of the AcrB/AcrD chimeras and AcrB mutants. All proteins have a six-histidine tag at the carboxyl-terminal. Membrane fraction was prepared by ultracentrifugation as described previously (28) and subjected to Western blotting with a mouse anti-polyhistidine antibody (Sigma).
Drug Resistance Determination-The minimum inhibitory concentrations (MICs) of drugs and toxic compounds were determined as the concentrations that greatly prevented bacterial growth on YT-agar (0.8% tryptone, 0.5% yeast extract, and 0.5% NaCl) plates with sequential 2-fold dilutions, as described previously (7) . Relative MIC values in Fig. 6 were calculated from the MIC values in Table 1 Negative values for drug susceptible mutants were not plotted in Fig. 6 .
RESULTS

Construction and Expression of AcrB/AcrD Chimeras-To
test which sections of the substrate translocation pathway determine the difference in the substrate specificity between AcrB and AcrD, we replaced the 12 regions facing the predicted substrate translocation pathway of AcrB, between vestibule and distal substrate binding pocket, with the corresponding regions of AcrD, except for the regions almost composed of identical residues between AcrB and AcrD (Figs. 2 and 3 ). Expression of these chimeric proteins in the cytoplasmic membrane of E. coli was confirmed by Western blotting using an anti-histidine tag antibody (Fig. 4A) .
Alteration of Drug Resistance of Cells Expressing AcrB/AcrD Chimeras-First, we simultaneously replaced all 12 regions, N␤1-C␣8 of AcrB (Fig. 2) , with the corresponding regions of AcrD, and investigated the substrate specificity by determining MICs for a variety of antibiotics, antiseptics, detergents, and (Table 1 ). This chimera showed almost no resistance to sodium dodecyl sulfate and deoxycholate, which are common substrates of both AcrB and AcrD. This result suggests that the simultaneous replacement of N␤1, N␤3, N␤4, N␤6, and N␤8 impairs the functionality of the chimera. On the other hand, C␤1-C␣8, in which only regions in the carboxyl-terminal half of AcrB were replaced with those of AcrD, showed higher resistance against carbenicillin and sulbenicillin, and lower resistance against many other compounds than AcrB (Table 1) . This pattern of resistance was close to that of AcrD itself, suggesting that the C␤1-C␣8 regions include crucial sections that determine the difference in substrate specificity between AcrB and AcrD. Then, a new set of chimeras was prepared in which regions between C␤1 and C␣8 were combined (Table 1, Fig. 2) . A combination of four regions, C␤1, -3, -4, and LP, gave a resistance profile close to that of AcrD (Figs. 2 and 6, Table 1 ), that is, high resistance against AcrD-specific drugs (the anionic ␤-lactams; aztreonam, carbenicillin, and sulbenicillin) and low or no resistance against AcrB-specific drugs (such as erythromycin, acriflavine, ethidium bromide, and benzalkonium). This mutant was equally well expressed as wild-type AcrD and AcrB (Fig. 4) . Chimeras containing three of four AcrD regions in C␤1, -3, -4, and LP showed resistance to AcrB-specific drugs or sensitivity to AcrD-specific drugs compared with the C␤1, -3, -4, and LP ( Table 1) , indicating that all four AcrD sequences contribute to AcrD-type drug selectivity. C␤1, -3, and LP showed higher resistance to both AcrD-specific and AcrB-specific drugs compared with C␤1, -3, -4, and LP. Hence, C␤4 is less critical for recognition of negatively charged ␤-lactams, but introduction of this element reduces AcrB characteristics. C␤1, C␤3, C␤4, and LP are located at one side of the uptake channel below the distal substrate binding pocket. This region is partially overlapping with the proximal substrate binding pocket (Fig. 3C) .
Role of Charged Residues in Substrate Specificity-As described above, AcrD exports the negatively charged ␤-lactams more efficiently than AcrB. This fact encouraged us to focus on the charged residues located in the C␤1, -3, -4, and LP regions. There are five residues that vary in charge between AcrB and AcrD in C␤1, -3, -4, and LP: Gln 569 , Ile 626 , Ser 630 , Met 662 , and Glu 673 in AcrB correspond to Arg 568 , Arg 625 , Arg 629 , Arg 661 , and Gly 672 in AcrD, respectively ( Fig. 2A) . We constructed mutant AcrB proteins in which these residues were replaced by the corresponding residues of AcrD (Q569R, I626R, S630R, M662R, and E673G). All mutants were expressed in the plasma membrane of E. coli (Fig. 4B ). As indicated in Table 1 , the simultaneous replacement of these five residues resulted in greatly increased MIC values for negatively charged ␤-lactams (aztreonam, carbenicillin, and sulbenicillin). Surprisingly, further replacement studies including all possible combinations of these residues demonstrated that simultaneous replacement of three residues (Q569R, I626R, and E673G) was sufficient for high resistance against the negatively charged ␤-lactams (Table  1 , Fig. 6 ). The Q569R,I626R,E673G triple mutant exhibited a 4to 128-fold higher resistance against the negatively charged ␤-lactams and cefamandole (FAM) than wild-type AcrB. The C7 side chain of cefamandole is similar to the C6 side chain of carbenicillin and sulbenicillin (Fig. 1) .
Among the single replacements of Q569R, I626R, and E673G in AcrB, only the I626R substitution significantly increased resistance to negatively charged ␤-lactams (Table 1 ), suggesting mutant (Q569R,I626R,E673G) . Relative MIC values were calculated from the data in Table 1 as described under "Drug Resistance Determination." Abbreviated names of toxic ions and antibiotics are given in Footnote a of Table 1 . APRIL 11, 2014 • VOLUME 289 • NUMBER 15 
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that I626R (corresponding to Arg 625 in AcrD) is most important for recognition of the negatively charged ␤-lactams in AcrB. I626R is located in the proximity of the distal substrate binding pocket containing Phe residues that were shown to interact with drugs by hydrophobic or aromatic-aromatic interactions (16) . Single mutations at Q569R and E673G in AcrB confer no or somewhat decreased resistance against the negatively charged ␤-lactams, but these substitutions increased the resistance against these ␤-lactams when combined with mutations at other positions (Table 1 ). These results suggest that the introduction of Arg at position 569 and removal of Glu at position 673 in AcrB (corresponding to Arg 568 and Gly 672 in AcrD) contribute to its recognition of the negatively charged ␤-lactams. AcrD confers no or very low resistance against positively charged compounds including ethidium ϩ , rhodamine-6G, and the tetraphenylphosphonium ion (TPP ϩ ), whereas the transport of these substrates by AcrB is significant (Table 1) . Consistent with this difference, we found that the replacement of AcrB side chains of positions 569, 626, and 673 by those in AcrD decreased, but did not completely abolish, the AcrB-mediated resistance in cells to the positively charged compounds (Fig. 6 , Table 1 ).
Taken together, via the systematic replacement of regions and residues in AcrB by corresponding regions and residues in AcrD (Fig. 3C) , we identified three residues in AcrB (Gln 569 , Ile 626 , and Glu 673 ), which when replaced by those in AcrD (Arg 568 , Arg 625 , and Gly 672 , respectively) shift the substrate specificity of AcrB to the specificity of AcrD.
DISCUSSION
In the co-crystal structures of AcrB and substrates, each of the three protomers of the AcrB-substrate complex has a different conformation. Only one protomer of the complex has a substrate bound in the Phe-rich distal binding pocket (Fig. 3) . The crystal structures of AcrB also revealed that each protomer forms a channel between vestibule and the distal binding pocket. This channel was predicted to be a substrate-translocation pathway. However, it is not clear whether substrate specificities of AcrB and its homologs are determined by the Pherich distal binding pocket only, or also by regions in the substrate-translocation pathway leading to the distal pocket. AcrD is an AcrB homolog that transports negatively charged ␤-lactams more effectively than AcrB. In our chimera approach, we show that substitution of regions C␤1, -3, -4, and LP in AcrB by those in AcrD transfers the ligand specificity of AcrD to AcrB ( Table 1 , Figs. 3C and 6 ). These regions are mainly located in the space between the ␤-sheets in the uptake channel near the proximal binding pocket (Fig. 3C ). In the distal substrate binding pocket of AcrB, six Phe residues are presented. It was suggested that utilization of different combinations of Phe residues provide a basis for the broad substrate recognition in the distal binding pocket. Indeed, when these Phe residues were substituted by Ala, several mutants changed their substrate specificity (30) . However, these aromatic residues were not altered in the AcrB chimera containing C␤1, -3, -4, and LP elements from AcrD, suggesting that the aromatic residues in the distal substrate binding pocket are not determi-nants of the specificity for anionic ␤-lactams. Instead, we found that simultaneous replacement of Q569R, I626R, and E673G in the C␤1, C␤3, and LP regions of AcrB, respectively, by the corresponding residues in AcrD (Arg, Arg, and Gly, respectively) is critical for recognition by AcrB of negatively charged ␤-lactam substrates of AcrD; aztreonam, carbenicillin, and sulbenicillin. C␤4 is less critical for recognition of negatively charged ␤-lactams. However, substitution of C␤4 reduces the recognition of AcrB-specific substrates by both wild-type AcrB and C␤1, -3, and LP (Table 1, Figs. 3C and 6 ). Hence, selectivity for these ␤-lactams might already be determined by residues in the uptake channel, after which aromatic residues in the binding pockets of AcrB and AcrD would contribute to the binding of the preselected substrates ( Fig. 3C and 7) . In addition, this region might be used as the binding site for comparably large substrates, like rifampicin and erythromycin (see below).
In previous work (31) (32) (33) , the importance of the charged residues in substrate recognition was demonstrated for multidrug transcription regulator proteins BmrR and QacR. Glu 134 of BmrR has an electrostatic interaction with a positively charged TPP ϩ ion in the BmrR-TPP ϩ crystal structure (31) , which is disrupted in an E134A substitution mutant (31) . Among the three residues in AcrD that determine recognition of negatively charged ␤-lactams, the Arg at position 626 is most important, which is most likely due to its position close to the distal binding pocket.
Some residues important for substrate specificity of RNDtype multidrug transporters that were identified in previous studies, co-localize in the predicted substrate translocation pathway identified in this investigation ( Fig. 3) (13, 34) . In their work on the AcrB-homolog MexD from P. aeruginosa, Mao et al. (13) reported spontaneous mutations Q34K, E89K, A292V, P328L, F608S, and N673K, which increased individually the MexD-dependent resistance against aztreonam and carbenicillin. These residues correspond to Gln 34 , Gln 89 , Gly 290 , Pro 326 , Phe 610 , and Thr 676 in AcrB. The residues Gln 34 and Thr 676 that were replaced by Lys in the study by Mao et al. (13) are located in the proximal binding pocket and the vicinity of the uptake channel, and are close to Gln 569 , Ile 626 , and Glu 673 residues identified in our study (Fig. 3C ). However, the positively charged amino acids at positions 34, 89, and 676 in MexD mutants were not observed in wild-type MexD, or in related transporters MexB and AcrD, which do export aztreonam and carbenicillin. Furthermore, Gln 34 is conserved in AcrB homologs with different substrate specificities (13) . Therefore, residues at positions 34, 89, and 676 might not directly contribute to the recognition of charged substrates in native RND transporters.
Recently, Nakashima et al. (20) reported the crystal structures of AcrB bound to the high-molecular mass drugs, rifampicin and erythromycin. These drugs bind to the proximal binding pocket in the access monomer of AcrB. The structures suggest that the high-molecular mass drugs initially bind to the proximal pocket specifically, and are then forced into the distal pocket. In this study, we show that the side chains in AcrB at positions 569 and 673 in the proximal pocket are important for selection of the negatively charged ␤-lactams. Glu 673 is located in the entrance of the uptake channel of AcrB that leads to the ␤-Lactam Recognition by RND Transporter distal substrate-binding chamber (Fig. 7) , where this residue might interfere with the entry of the negatively charged ␤-lactams ( Fig. 7) . Replacement of Glu 673 by Gly (as present in AcrD) overcomes this interference. Because Gln 569 is also located in this entrance in AcrB, substitution of Gln 569 by Arg (as in AcrD) would provide a positive charge around the entrance of the channel and support entry of anionic ␤-lactams in the channel. In addition, I626R could assist in drug translocation due to its location further down in the uptake channel, at the entrance of the distal binding pocket. For small substrates, such as ␤-lactams, the proximal pocket might function as a "substrate selection filter" that regulates access of the drug to the distal site.
Indeed, for another small substrate, minocycline, binding was shown in the distal binding pocket rather than the proximal pocket (16) , and replacement of residues in the distal pocket was found to affect AcrAB-TolC-mediated minocycline resistance. A difference in the utilization of the two substrate binding pockets by different substrates would expand the diversity of substrates that can be transported by this type of tripartite pump.
Our data on the importance of I626R for the recognition of anionic ␤-lactams by AcrB might show analogy to observations for the human ATP-binding cassette multidrug transporter ABCG2 (also referred to as the breast cancer resistance pro- FIGURE 7 . Substrate translocation pathway in AcrB. A, schematic drawing of substrate translocation pathway (in yellow) through the AcrA, AcrB, and TolC complex. This pathway connects the proximal and distal substrate binding pockets in AcrB. B, position of three important residues which, when replaced by those in AcrD, allow interaction with anionic ␤-lactam antibiotics. Gln 569 , Ile 625 , and Glu 673 are shown in CPK representation as described in the legend to Fig.  3C . C, schematic drawing of the substrate translocation pathway and its peristaltic movement during the substrate extrusion cycle (from left to right). Substrate is transferred from vestibule through proximal and distal pockets to the exit toward TolC. Small substrates (upper line) might move through the proximal binding pocket, and are then bound in the distal binding pocket during functional rotation. Large substrates (lower line) might behave in the opposite fashion, and bind in the proximal binding pocket and then move through the distal binding pocket for extrusion via TolC. However, the possibility cannot yet be excluded that the transport reaction catalyzed by AcrB is a two-step process with sequential binding to proximal and distal binding pockets for all substrates. Arrows indicate relative peristaltic movement of the translocation pathway during the substrate extrusion cycle. Dotted arrow refers to substrate movement. The indicated "switch loop" separates the proximal and distal binding pockets. The red circle represents substrate binding.
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tein), which is capable of transporting chemotherapeutic drugs from cancer cells (35, 36) . Residue 482 in the intracellular loop of TM3 is known to affect substrate specificity. Wild-type ABCG2, with an Arg at position 482, mediates efficient export of anionic methotrexate, but not of cationic rhodamine 123 and doxorubicin. In contrast, ABCG2 with a Gly or Thr at position 482 mediates export of rhodamine 123 and doxorubicin, but not methotrexate (37) (38) (39) . The recent observations on the determining role of residue 482 in drug transport by ABCG2 but not in drug binding (40, 41) might point to the presence of residue 482 in a substrate selection filter that controls access to ligand binding surfaces. However, in the interpretation of our findings for AcrB it is also possible that ␤-lactam antibiotics bind to the proximal binding pocket in a similar fashion as larger substrates, such as erythromycin and rifampicin. This would make the transport reaction by AcrB a two-step process with sequential binding to proximal and distal binding pockets for all substrates.
␤-Lactams are mainstream antibiotics that are indicated for the prophylaxis and treatment of infections by bacterial pathogens. We identified regions in AcrB and AcrD that determine the difference in ␤-lactam specificity between these homologous multidrug transporters. In particular, when AcrD and AcrB are compared, side chains at three positions play an important role in the difference in recognition of negatively charged ␤-lactams. Upon the introduction of AcrD residues Arg 568 , Arg 625 , and Gly 672 at corresponding positions in AcrB, the ability to interact with these ␤-lactams is transferred from AcrD to AcrB. In view of the location of these positions in current crystal structures of AcrB, our results suggest for the first time that the difference in ␤-lactam selectivity between AcrB and AcrD resides in the proximal binding pocket.
